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Caveolin-1 is critical in the proliferative effect of leptin
on osteoblasts through the activation of Akt
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Abstract. Osteoblasts are critical in bone remodeling and the
repair of bone fractures. Leptin is involved in bone metabo-
lism and osteoblast survival through the downstream signaling
pathway, however, the exact mechanism of the effect of leptin
on osteoblasts remains to be fully elucidated. In the present
study, hFOB 1.19 cells were used to observe the effects of
leptin on cell proliferation and apoptosis, and to investigate
the underlying mechanism. The results confirmed that treat-
ment of hFOB 1.19 cells with leptin significantly induced cell
proliferation. Western blot analysis showed that the expression
of caveolin-1 and the activation of Akt in the cells treated with
leptin were significantly increased, compared with the control
cells. Additionally, inhibiting Akt activation eliminated the
effects on cell proliferation induced by leptin. The rates of
cell apoptosis and cell cycle distribution were examined using
flow cytometry, which revealed a decrease in the apoptotic rate
and an increase in the proportion of cells in the S phase. This
indicated that leptin was capable of inducing cell prolifera-
tion by inhibiting apoptosis and stimulating cell progression
to the S phase. Transfection of the cells with caveolin-1 small
interfering RNA showed that the activation of Akt induced
by leptin was significantly inhibited. Furthermore, caveolin-1
knockdown and inhibiting Akt activation eliminated the
increased proliferation, increased proportion of cells in the
S phase and increased anti-apoptotic effects induced by leptin.
Taken together, the data obtained in the present study demon-
strated that caveolin-1 was critical in the proliferative effect of
leptin on osteoblasts via the activation of Akt.
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Introduction

Leptin, an adipocytokine, is a 16-kDa plasma protein primarily
secreted by adipocytes (1,2). It is also produced by oesteoblasts,
placental syncytiotrophoblasts and gastric epithelium (3-6). A
previous study demonstrated that leptin contributes to body
weight homeostasis as a signal to affect food intake and energy
expenditure (7). In addition to its physiological actions on lipid
metabolism, angiogenesis, fertility and hematopoiesis, leptin
has a pathological role in certain bone diseases, including
osteoporosis, osteoarthritis, rheumatic arthritis, bone tumors
and fractures (8-11).

It is well known that leptin is an important regulator of bone
metabolism through peripheral and central signaling pathways.
It has been suggested that the peripheral pathway is direct and
involved in a stimulatory effect on bone formation, whereas the
central pathway is indirect and exerts an inhibitory effect on bone
growth, which is supported by observations of bone loss resulting
from the intracerebrovesicular administration of leptin (12). By
contrast, a previous study showed that the intracerebrovesicular
injection of leptin enhances bone formation (13). Osteoblasts are
major cells in the bone, and are responsible for mineralization
during bone formation and later bone remodeling. As such,
osteoblasts are critical in normal skeletal physiology and are
involved in several pathological conditions, including osteopo-
rosis, osteopetrosis and bone cancer (14). It has been shown that
leptin can affect bone formation by mediating the activity of
osteoblasts (15). However, the mechanisms underlying the effect
of leptin on osteoblasts remain to be fully elucidated.

Caveolin-1 is an essential and signature protein of caveolae,
and is found to be expressed at high levels in osteoblasts and
endothelial cells (16). The removal of caveolin-1 has been
demonstrated to prevent the formation of caveolae in these
cells (16). Numerous studies have shown the importance of
caveolae in vesicular trafficking, cell adhesion, apoptosis and
senescence (17,18). Although the predominant focus of interest
has been centered on the role of caveolin-1 in cancer, there is
substantial data providing evidence that it is also involved in
bone metabolism (19,20). It has also been demonstrated that
caveolin-1 appears to be a key regulator of osteoblast differ-
entiation and function, including mineralization and matrix
protein deposition (16).

In the present study, it was confirmed that leptin promoted
the proliferation of osteoblasts in vitro, and demonstrated for
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the first time, to the best of our knowledge, that caveolin-1
critically contributed to the proliferative effect of leptin on
osteoblasts, and this was mediated by the activation of Akt
The results may aid in the development of therapeutics for
leptin-induced bone diseases.

Materials and methods

Cell culture and reagents. An osteoblastic cell line derived
from the bone of human fetal osteoblasts (hFOB 1.19), was
purchased from American Type Culture Collection (Manassas,
VA, USA). In culture conditions of 37°C with 5% CO,, the cells
were grown in Dulbecco's modified Eagle's medium (DMEM,;
Sigma-Aldrich, St. Louis, MO, USA) at pH 7.4, supplemented
with 3.7 g/l NaHCO,, 4.77 g/l HEPES, 10% fetal bovine serum
(FBS; Invitrogen; Thermo Fisher Scientific, Waltham, MA,
USA) and 0.5% penicillin/streptomycin (50 U/ml penicillin
and 50 ug/ml streptomycin; Sigma-Aldrich). Every 2-3 days,
the medium was replaced. When the cell culture reached
~85% confluence, subculture was performed. Cells at the third
or fourth passage were used in the subsequent experiments.

Cell proliferation assay. Using an MTT assay, cell viability
was evaluated. The cells were seeded in 96-well plates at a
density of 3x10° cells per well. Following incubation overnight,
the cells were exposed to leptin (Sigma-Aldrich); for 24-96 h
Following incubation overnight, the cells were exposed to
different concentration of leptin (0, 0.01, 0.05, 0.1, 0.5, 1, 5
and 10 pg/ml) for 24 h or the cells were exposed to 0.5 ug/ml
leptin for 24-96 h. Fresh complete medium (0.2 ml) supple-
mented with 20 ul MTT dye [(5 mg/ml in phosphate-buffered
saline (PBS)] was added to each well. Following incubation
at 37°C for 4 h, each well was washed thoroughly with PBS.
Subsequently, dimethyl sulfoxide (Sigma-Aldrich) was added
to each well to terminate the MTT reaction and dissolve the
formazan crystals. Following agitation at room tempera-
ture for ~10 min, the optical density (OD) of each well was
measured at 450 nm. The viability of the control cells were
considered as 100%, and the results were calculated as follows:
(ODyrcared cetts = ODcontrot cetts) / (ODconrot cetts = ODpranid) X 100%.

Analysis of cell apoptosis. In 6-well plates, 2x10° cells/well
were seeded and cultured overnight. Following treatment
with 0.5 pg/ml leptin for 24 h, the cells were trypsinized and
washed with PBS. The cells were suspended in 0.3 ml binding
buffer, following by the addition of 2 xl Annexin V (Beyotime
Institute of Biotechnology, Haimen, China) and careful pipet-
ting of the mixture. Following the addition of 5 ul propidium
iodide (PI; Beyotime Institute of Biotechnology), the mixture
was incubated for ~10 min at room temperature. The rates of
apoptosis were detected using a FACSCSalibur flow cytometer
(Becton-Dickinson; BD Biosciences, San Diego, CA, USA).

Cell cycle analysis. In 6-well plates, 2x10° cells were seeded
per well. Following 12 h starvation, the cells were treated
with 0.5 pg/ml leptin for 24 h for 48 h. Following trypsiniza-
tion and washing with PBS, the cells were resuspended with
500 pl medium containing 1 mg/ml RNase A and 100 pg/ml
PI (Beyotime Institute of Biotechnology). Following incuba-
tion for 20 min at room temperature, in the dark, the DNA
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contents of the cells were measured using a FACSCalibur flow
cytometer (Becton-Dickinson; BD Biosciences).

Small interfering (si)RNA knockdown. siRNA was used to
knock down the gene expression of caveolin-1. A total of
5x10* cells/well were seeded in 24-well tissue culture plates.
Following incubation for 24 h at 37°C, the medium was
replaced. Using 6 ul transfection reagent (Qiagen), transfections
were performed using siRNA (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) at a final concentration of 30 nM. Based on
the half-life of 5 h for caveolin-1 protein (21), the cells in the
wells were exposed to the transfection mixture for 24 h at 37°C
prior to cell harvest.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Using TRIzol reagent (Takara Bio, Inc., Otsu,
Japan), total RNA was extracted from the cells. A 200 ng quan-
tity of total RNA was used to synthesize cDNA using M-MLV
Reverse Transcriptase (Promega Corporation, Madison, WI,
USA). Based on the previously published primers (22), gPCR
was performed to measure the mRNA levels of caveolin-1. The
primers were as follows: caveolin-1, forward 5“TCA ACC GCG
ACC CTA AAC ACC-3' and reverse 5-TGA AAT AGC TCA
GAA GAG ACA T-3'; B-actin, forward 5'-GGA GCA ATG
ATC TTG ATC TT-3' and reverse 5'-CCT TCC TGG GCA
TGG AGT CCT-3" The conditions for gPCR were as follows:
Enzyme activation at 95°C for 10 min, 40 cycles of amplifica-
tion and each of them consisted of denaturation at 95°C for
15 sec, annealing at 60°C for 60 sec, and extension at 60°C for
60 sec. The results were calculated with the comparative quan-
tification cycle (Cq) method. RT-qPCR was performed using
the Applied Biosystems 7500 Sequence Detection system
(Thermo Fisher Scientific, Inc.). The expression of caveolin-1
was normalized to (-actin. The conditions for qPCR were as
follows: Enzyme activation at 95°C for 10 min, followed by
40 cycles of amplification, each consisting of denaturation at
95°C for 15 sec, annealing at 60°C for 60 sec and extension at
60°C for 60 sec. The results were calculated using the quantifi-
cation cycle (Cq) method (23), and the expression of caveolin-1
was normalzed with 3-actin.

Western blot analysis. Using lysis buffer (Beyotime Institute
of Biotechnology), the cell lysates were prepared immediately
following treatment. Protein concentrations were measured
using the Bradford method (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Equal quantities (100 ug) of proteins
were loaded and separated on 8% SDS-polyacrylamide gels.
The proteins were then transferred onto PVDF membranes
(EMD Millipore, Bedford, MA, USA). Following blocking
in TBST buffer containing 5% skim milk at room tempera-
ture for 2 h, the blots were incubated at 4°C overnight with
the following primary antibodies: Rabbit anti-calveolin-1
(cat. no. 3267), rabbit anti-p473-Akt (cat. no. 4060), rabbit
anti-GAPDH (cat. no. 5174) and rabbit anti-Akt (cat. no. 4691)
(Cell Signaling Technology, Inc. Danvers, MA, USA). The blots
were then washed in TBST and incubated with the horseradish
peroxidase-conjugated Chicken anti-rabbit IgG secondary
antibodies (cat. no. sc-516087; Santa Cruz Biotechnology, Inc.)
at room temperature for 1 h. Following washing in TBST, the
immunoreactive bands were visualized by enhancement using
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a chemiluminescence kit (Pierce Biotechnology, Rockford, IL,
USA). The immunoreactive bands of GAPDH were used as an
internal control.

Statistical analysis. Experiments were performed three times.
Data are presented as the mean + standard deviation. Statistical
differences were analyzed using the Student's two-sided #-test
or one way analysis of variance using SPSS 21.0 software
(IBM SPSS, Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Leptin promotes cell proliferation. To determine the effect of
leptin on the growth of hFOB 1.19 cells, an MTT assay was
performed. The cells were exposed to leptin at the doses of
0,0.01,0.05,0.1,0.5, 1, 5 and 10 pug/ml for 24 h. As shown in
Fig. 1A, the cell viabilities at the doses ranging between 0.01
and 1 ug/ml were comparable with the control, whereas the
cell viabilities at 5 and 10 pg/ml were marginally decreased,
but not significantly, compared with that of the control.

Subsequently, time-response assessment was performed
(Fig. 1B). The cells were incubated with 0.5 pg/ml leptin for
24,48, 72 and 96 h. Between 24 and 72 h, a time-dependent
increase in cell viability induced by leptin was observed.
Although 96-h treatment with 0.5 ug/ml leptin resulted in a
cell viability comparable with that of 72-h treatment, the cell
viability was significantly increased, compared with that in the
control group at 96 h. Taken together, these findings indicated
that leptin induced hFOB 1.19 cell proliferation.

Leptin induces the expression of caveolin-1. To observe
the effect of lepin on the expression of caveolin-1, the cells
were exposed to leptin at the gradient doses of 0, 0.01,
0.05,0.1,0.5, 1, 5 and 10 pg/ml for 24 h. The mRNA and
protein expression levels of caveolin-1 showed a significant
dose-dependent increase between doses of 0.05 and 5 pg/ml,
whereas 0.01 ug/ml leptin had no effect on the expression
levels (Fig. 2A and B). Unexpectedly, the expression of
caveolin-1 at 10 yg/ml was comparable to that at 5 yg/ml.
Subsequently, time-response assessment of the effect of
leptin on the expression of caveolin-1 was performed. The
cells were incubated with 0.5 yg/ml leptin for 12, 24, 36
and 48 h. A time-dependent increase in the expression of
caveolin-1 was observed between 12 and 36 h, whereas no
increase in the expression of caveolin-1 was observed at 48 h,
compared with that at 36 h (Fig. 2C and D). Taken together,
these results indicated that leptin induced the expression of
caveolin-1.

Caveolin-1 konckdown decreases leptin-induced Akt activation.
It has been reported that leptin can activate the phosphoinositide
3-kinase (PI3K) signaling pathway in a variety of cells, including
vascular smooth muscle, nucleus pulposus and leukemic
cells (24-26). Therefore, the present study evaluated the effect
of caveolin-1 knockdown on the activation of the signaling
pathway by leptin. As Akt is the immediate downstream
kinase activated by PI3K, the level of p-Akt was measured in
the present study. As shown in Fig. 3, the level of p-Akt was
markedly increased in the hFOB 1.19 cells exposed to 0.5 xg/ml
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Figure 1. Leptin promotes the proliferation of hFOB 1.19 cells. The effect
of leptin on cell viability was determined using an MTT assay. (A) Cell
viabilities of hFOB 1.19 cells treated with a gradient of doses of leptin for
24 h and (B) treated with 0.5 pg/ml leptin for 24, 48, 72 and 96 h. "P<0.05,
compared with the hFOB group at the same time point. Data are presented as
the mean + standard deviation. OD, optical density.

leptin, whereas no significant change in the level of Akt was
noted. Furthermore, the present study evaluated the effect of
caveolin-1 on the activation of Akt by leptin. Caveolin-1 was
knocked down by siRNA, and a marked decrease in the level
of p-Akt was noted, indicating that caveolin-1 may function-
ally contribute to leptin-induced Akt activation. Additionally,
the effect of Akt activation on the expression of caveolin-1 was
evaluated. Following exposure to Akt inhibitor IV, the increased
expression of caveolin-1 was significantly inhibited (Fig. 3).

Effect of caveolin-1 and p-Akt on leptin-induced cell
proliferation. To evaluate the involvement of caveolin-1
and p-Akt in leptin-induced cell proliferation, the present
study examined the effects of caveolin-1 knockdown and the
inhibition of Akt activation on 0.5 pg/ml leptin-induced cell
proliferation at 24, 48, 72 and 96 h. As shown in Fig. 4, leptin
treatment significantly increased cell viability, compared
with the control group. As expected, the cell viabilities in the
groups of cells with caveolin-1 knockdown and Akt inhibition
were significantly suppressed, compared with leptin-treated
group. Taken together, these results indicated that caeolin-1
knockdown and Akt inhibition individually counteracted the
proliferative function of leptin.

Effect of caveolin-1 knockdown and Akt activation inhibition
on the cell cycle distribution of cells exposed to leptin. The
cell cycle distribution of the hFOB 1.19 cells was examined
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Figure 2. Exposure to leptin enhances the expression of caeolin-1. Following treatment with leptin at concentrations between 0.01 and 10 mg/ml for 24 h, the
expression levels of caveolin-1 in the cells were measured using (A) western blot analysis and (B) reverse transcription-quantitative polymerase chain reaction
analysis. (C) Protein and (D) mRNA expression levels of caveolin-1 were measured in the cells following treatment with leptin (0.5 mg/ml) for 12,24, 36 and
48 h. Data are presented as the mean + standard deviation. Different letters (a-f) represent significant differences between treatment groups (P<0.05).
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Figure 3. Knockdown of caveolin-1 decreases the activation of Akt by leptin. (A) The effect of caveolin-1 on the activation of Akt by leptin was determined
using western blot analysis following caveolin-1 knockdown. (B) Quantification of caveolin 1, pATK and AKT protein expression levels. ‘P<0.05 vs. the
NC-siRNA group. “P<0.05 vs. the Leptin+NC-siRNA group. siRNA, small interfering RNA; NC, negative control; p-, phosphorylated.

using flow cytometry. As shown in Fig. 5, exposure of the
cells to leptin at 0.5 yg/ml for 24 h significantly decreased
the proportion of cells in the GO/GI phase and increased the
proportion of cells in the S phase, compared with the control
group, indicating that leptin promoted the cell cycle towards
the S phase. Compared with the decreased proportion of cells
in the GO1/G1 phase and increased proportion of cells in the
S phase in the cells treated with leptin, caveolin-1 knockdown
and the inhibition of Akt activation significantly increased
the proportion of cells in the GO/G1 phase and decreased

the proportion of cells in the S phase, compared with control
group. Furthermore, the proportions of cells in the GO/G1 and
S phases following Akt inhibition were significantly higher and
lower, respectively, compared with those following cavelin-1
knockdown. These results revealed that caveolin-1 knockdown
and the inhibition of Akt activation arrested hFOB 1.19 cell
proliferation via inducing cell cycle arrest at the GO/G1 phase.

Effect of caveolin-1 knockdown and Akt activation inhibition
on the apoptosis of cells exposed to leptin. To evaluate whether
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Figure 4. Knockdown of caveolin-1 and inhibition of Akt activation reverses the proliferation effect of leptin. The roles of caveolin-1 and p-Akt in the prolif-
erative effect of leptin were determined using an MTT assay following exposure to leptin for 24, 48, 72 and 96 h. Data are presented as the mean + standard
deviation. "P<0.05, compared with the control group at the same time point. OD, optical density; siRNA, small interfering RNA; NC, negative control.
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Figure 5. Cell cycle distribution of hFOB 1.19 cells, analyzed using flow cytometry. (A) Cell cycle distribution of hFOB 1.19 cells in the indicated groups fol-
lowing treatment for 48 h. (B) Results of flow cytometry data, based on the cell cycle phase for the indicated groups. Data are presented as the mean + standard
deviation Different letters (a-d) indicate significant differences between treatment groups (P<0.05). siRNA, small interfering RNA; NC, negative control.
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Figure 6. Knockdown of caveolin-1 and inhibition of Akt activation reverses the anti-apoptotic effect of leptin. (A) Dot plots of hFOB 1.19 cells exposed to
NC-siRNA, leptin+NC-siRNA, leptin+siNRA or leptin+Akt inhibitor IV for 72 h. (B) Results of flow cytometry data based on the apoptotic rates of the indi-
cated groups. Data are presented as the mean + standard deviation Different letters (a-d) indicate significant differences between treatment groups (P<0.05).
siRNA, small interfering RNA; NC, negative control; p-, phosphorylated; FITC, fluorescein isothiocyanate; PI, propidium iodide.

caveolin-1 knockdown and Akt inhibition induced cell apoptosis
following treatment with 0.5 pg/ml leptin, the rates of apoptosis
at the early and late stages were detected. As shown in Fig. 6,
treatment with letpin marginally, but significantly, decreased the
rate of cell apoptosis at each stage, compared with the control
group. By contrast, caveolin-1 knockdown and Akt inhibition
resulted in A higher apoptotic rate, compared with th econtrol
group. These results revealed that caveolin-1 and p-Akt were
critical in the anti-apoptotic effect of leptin on the cells.

Discussion

It is evident that leptin is important in bone formation (15),
however, it remains controversial whether the effects of leptin

on bone formation are positive or negative. Osteoblasts, or
bone-forming cells, are one of three distinct cell types in bone .
It is well known that osteoblasts are positively associated with
bone mass and bone density (27). In the present study, it was
confirmed that leptin directly enhanced the proliferation of
osteoblasts and revealed that this effect was critically medi-
ated by caveolin-1 through the activation of Akt.

Leptin functions as a growth factor in a variety of cell
types, including human prostate cancer cells and mouse
tracheal epithelial cells (28,29). Gordeladze et al (30)
showed that leptin promotes human osteoblast prolifera-
tion. Consistently, it was observed that leptin increased the
proliferation of the hFOB 1.19 cells in the present study.
Additionally, the results of the present study showed that
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leptin suppressed the apoptosis of hFOB 1.19 cells. This
supported the results of a previous report, which found that
leptin can protect osteoblasts against apoptosis throughout
the entire incubation period via enhancing the expression
of B cell lymphoma-2 (Bcl-2)-associated X protein-a and
Bcl-2 (30). Leptin receptors are present in osteoblasts (4,31),
indicating that leptin exerts a proliferative effect on hFOB
1.19 cells by directly binding to its receptor. This further
supports the hypothesis that peripheral leptin may protect
against bone loss.

As the major structural protein in caveolae, caveolin-1
can be regulated by various cytokines, and is considered to
functionally contribute to certain intracellular signaling
pathways (32). According to the results of the present study,
the expression of caveolin-1 was markedly elevated by leptin.
This is consistent with the results of a previous study, which
demonstrated that leptin increases the protein expression of
caveolin-1 in vascular endothelial cells (33). In the present
study, it was demonstrated that caveolin-1 and p-Akt were
critical in the proliferative effect of leptin. Furthermore, it was
observed that, in the cells with caveolin-1 knockdown, the acti-
vation of Akt by leptin was significantly decreased, however, it
was significantly higher than that in the control group (Fig. 3),
suggesting that caveolin-1 enhanced the activation of Akt by
leptin. Taken together, these results indicated that caveolin-1
may be a positive regulator for the proliferative signaling
mechanism of leptin. However, this differed from the results
of a previous study, which reported that caveolin-1 shares a
functional similarity to the suppressor of cytokine signalling
proteins, which are involved in the classical negative feedback
signaling mechanism (34). Additionally, it has been shown that
increased expression of caveolin-1 impairs the activation of
extracellular signal-regulated kinase (ERK) induced by expo-
sure to 100 ng/ml leptin for 0-30 min in vascular endothelial
cells, and may have implications for the development of leptin
resistance in the endothelium (33). Caveolin-1 is found to
be expressed at high levels in osteoblasts (16). In caveolin-1,
there is a scaffolding domain, which can interact with various
signal transduction molecules, including src family tyrosine
kinases, receptor tyrosine kinases and protein kinase C (35).
Zeidan et al (17) demonstrated that caveolin-1 colocalizes with
leptin receptors, and suggested that caveolae are important,
and may have a primary role in leptin-induced activation of
ERK1/2 in vascular smooth muscle cells. This difference
between the positive role of leptin in the present study and the
negative role in the above mentioned studies may be due to
different treatment methods and cell lines.

The present study confirmed the proliferative role of leptin
in osteoblasts and demonstrated that caveolin-1 was critical in
leptin-induced osteoblast proliferation. However, the present
study involved in vitro experiments. Further investigations are
required to further elucidate the mechanism of leptin signaling
in osteoblasts. These data may assist in the development of
therapeutics for leptin-induced bone diseases.
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